Bioactive glasses (BaGs) are widely utilised in bone tissue engineering (TE) but the molecular response of cells to BaGs is poorly understood. To elucidate the mechanisms of cell attachment to BaGs and BaG-induced early osteogenic differentiation, we cultured human adipose stem cells (hASCs) on discs of two silica-based BaGs S53P4 (23.0 Na 2 O -20.0 CaO -4.0 P 2 O 5 -53.0 SiO 2 (wt-%)) and 1-06 (5.9 Na 2 O -12.0 K 2 O -5.3 MgO -22.6 CaO -4.0 P 2 O 5 -0.2 B 2 O 3 -50.0 SiO 2 ) in the absence of osteogenic supplements. Both BaGs induced early osteogenic differentiation by increasing alkaline phosphatase activity (ALP) and the expression of osteogenic marker genes RUNX2a and OSTERIX. Based on ALP activity, the slower reacting 1-06 glass was a stronger osteoinducer. Regarding the cell attachment, cells cultured on BaGs had enhanced integrinβ1 and vinculin production, and mature focal adhesions were smaller but more dispersed than on cell culture plastic (polystyrene). Focal adhesion kinase (FAK), extracellular signal-regulated kinase (ERK1/2) and c-Jun N-terminal kinase (JNK)-induced c-Jun phosphorylations were upregulated by glass contact. Moreover, the BaG-stimulated osteoinduction was significantly reduced by FAK and mitogenactivated protein kinase (MAPK) inhibitors, indicating an important role for FAK and MAPKs in the BaGinduced early osteogenic commitment of hASCs. Upon indirect insert culture, the ions released from the BaG discs could not reproduce the observed cellular changes, which highlighted the role of direct cell-BaG interactions in the osteopotential of BaGs. These findings gave valuable insight into the mechanism of BaG-induced osteogenic differentiation and therefore provided knowledge to aid the future design of new functional biomaterials to meet the increasing demand for clinical bone TE treatments.
Introduction
Of the various biomaterials tested for bone tissue engineering (TE) applications, bioactive glasses (BaGs) are proven to be especially advantageous due to their strong bonding to bone, biocompatibility and biodegradation, but most importantly due to their inherent ability to stimulate the osteogenic differentiation of stem and progenitor cells (Jones, 2013; Rahaman et al., 2011) . Of the different BaG compositions S53P4 (23.0 Na 2 O -20.0 CaO -4.0 P 2 O 5 -53.0 SiO 2 (wt-%)), commercially available as BonAlive ® , is known to induce osteogenic differentiation in vitro (Waselau et al., 2012) , and to support bone formation in in vivo models (Peltola et al., 2001; Virolainen et al., 1997) as well as in clinical settings (Lindfors et al., 2010; Sandor et al., 2014; Turunen et al., 2004) . In addition to the well-known glass formulations, novel glass compositions are being constantly developed to further improve the glass properties. One interesting experimental silicabased glass type is 1-06 (5.9 Na 2 O -12.0 K 2 O -5.3 MgO -22.6 CaO -4.0 P 2 O 5 -0.2 B 2 O 3 -50.0 SiO 2 (wt-%)), which contains oxides of potassium, magnesium and www.ecmjournal.org M Ojansivu et al. Mechanisms of bioglass induced osteogenic fate boron. 1-06 shows good bone tissue bonding in vivo (Madanat et al., 2009) but otherwise the behaviour of this experimental glass in biological settings remains largely unknown. When considering bone TE, it is important to understand how different signalling pathways guide the cell functions in response to biomaterial contacts. Despite the vast number of studies conducted with BaGs, very little is currently known about the cell signalling events related to the BaG-induced cellular responses. Au and co-workers (Au et al., 2010) show fluctuation in the gene expression levels of mitogenactivated protein kinases (MAPKs) in MG-63 cell line cultured on Consil ® Bioglass ® particles, and two other studies report activation of focal adhesion kinase (FAK) and MAPKs in human dental pulp cells in contact with BaG containing composites Zhang et al., 2015) . However, in these studies, the signalling protein activation is not linked to the osteogenic response and, since the BaGs are part of composites, the effect induced solely by BaGs cannot be distinguished.
Anchorage-dependent cells attach to the growth surface by means of transmembrane integrins, which are composed of two subunits, the α chain and the β chain (Hynes, 2002) . Integrins form the core of the cell adhesion sites called focal adhesions (FAs), which connect the extracellular matrix (ECM) to the cytoskeleton and initiate several intracellular signalling cascades (Burridge and ChrzanowskaWodnicka, 1996) . Since the integrins lack enzymatic activity, the cell attachment initiated integrinmediated signal transmission relies primarily on non-receptor protein tyrosine kinases, which associate with the cytoplasmic tails of the integrins. The most notable of these protein kinases is FAK, which regulates various cellular processes ranging from migration, survival and cell cycle control to differentiation . With respect to the osteogenic differentiation it is reported that natural ECM simulating collagen-I and laminin surfaces support osteogenic differentiation of mesenchymal stem cells and osteoblastic cells via the FAK-extracellular signal-regulated kinase (ERK1/2) signalling route (Salasznyk et al., 2007a; Salasznyk et al., 2007b; Shih et al., 2011; Takeuchi et al., 1997; VialeBouroncle et al., 2014a; Viale-Bouroncle et al., 2014b) . Furthermore, elevated FAK activation is observed in cells cultured on bioceramic materials Marino et al., 2010; Shie and Ding, 2013) .
Apart from being an important player in the cell attachment-induced signalling cascades downstream of FAK, MAPK ERK1/2 is regulated by a variety of other stimuli including growth factors and cytokines (Rubinfeld and Seger, 2005) . Several studies indicate the important role of ERK1/2 in the osteogenic differentiation induced solely by chemical supplements (Jaiswal et al., 2000; Lai et al., 2001; Liu et al., 2009) . In addition to ERK1/2, MAPKs p38 and c-Jun N-terminal kinases (JNKs) are also tightly connected to the regulation of osteogenic differentiation. Both of them are known to be involved in both the cell attachment-related signalling cascades (Chiu et al., 2014; Ivaska et al., 1999) as well as in chemical stimuli induced osteogenesis (Gu et al., 2015; Suzuki et al., 2002; Tominaga et al., 2005) .
In the present study, it was hypothesised that cell attachment on the BaG surface plays a role in the BaG-induced early osteogenic differentiation of human adipose stem cells (hASCs), and both FAK and MAPKs have a distinct function in the glass-induced bone formation. There was also an interest in comparing the effect of two different glass compositions, S53P4 and 1-06, on the cellular responses. To examine the validity of the hypothesis, the attachment and ECM formation of hASCs on S53P4 and 1-06 glasses were analysed and the roles of FAK and MAPKs in the glass-induced early osteogenic differentiation were determined. In order to observe the osteogenic differentiation induced solely by the BaGs, no osteogenic supplements were used. Human ASCs were chosen due to their wellknown ability to differentiate towards osteoblastic phenotype in vitro and their successful utilisation in clinical bone TE-based treatments (Detsch et al., 2015; Haimi et al., 2009a; Haimi et al., 2009b; Larranaga et al., 2015; Marino et al., 2010; Ojansivu et al., 2015; Sandor et al., 2014; Waselau et al., 2012) . To characterise the material properties possibly affecting cell behaviour, the roughness of the glasses as well as the dissolution and surface structures of the BaGs were studied. The cellular effect of ions released from the BaG discs in the absence of direct cell-biomaterial contact were also evaluated. As far as is known, this is the first study evaluating the cell attachment and osteogenic differentiation related cell signalling mechanisms on BaGs.
Materials and Methods

Ethics statement
This study was conducted in accordance with the Ethics Committee of the Pirkanmaa Hospital District, Tampere, Finland (R15161). The hASCs were isolated from adipose tissue samples obtained from surgical procedures conducted in the Department of Plastic Surgery, Tampere University Hospital. There were five female donors of age 56 ±8 years. All the donors gave a written informed consent for the utilisation of the adipose tissue samples in the research settings.
Manufacturing of the BaG discs and their pretreatment
Bioactive glasses S53P4 and 1-06 were prepared as described previously (for the oxide compositions, see Table 1 ). The melt was cast to give rods, which after annealing were cut into circular discs, the thickness of which was 1.5 mm and the diameter either 7 mm (ionic release analyses; this was the maximum size to fit to the 24-well inserts), 10 mm (immunocytochemical stainings (ICCs)) or www.ecmjournal.org 14 mm (other analyses). Both sides of the discs were polished with wet polishing paper, of which the finest was 2,500 grit. Prior to the cell culture, the discs were disinfected with 70 % ethanol as described by Ojansivu et al. (2015) . The discs were pre-incubated in cell culture medium overnight before plating the cells.
Adipose stem cell isolation and culture
The isolation of hASCs was conducted using a published mechanical and enzymatic procedure (Tirkkonen et al., 2013; Zuk et al., 2001) . The isolated hASCs were maintained in T-75 polystyrene flasks (Nunc, Thermo Fisher Scientific, Waltham, MA, USA) in DMEM/F-12 (Life Technologies, Thermo Fisher Scientific) supplemented with 5 % human serum (HS; PAA Laboratories, GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom), 1 % L-glutamine (GlutaMAX I, Life Technologies, Thermo Fisher Scientific) and 1 % antibiotics (100 U/mL penicillin and 0.1 mg/mL streptomycin; BioWittaker, Lonza, Basel, Switzerland). To verify the mesenchymal origin of the hASCs, the surface marker expression was determined at passage 1 using flow cytometric analysis (FACSAria, Becton, Dickinson and Company, Erembodegem, Belgium) (Lindroos et al., 2009) . The hASCs used in the experiments had strong expression for surface markers CD73, CD90 and CD105, whereas the expression of CD3, CD11a, CD14, CD19, CD45, CD80, CD86, HLA-DR, CD34 and CD54 was very low or moderate, thus confirming the mesenchymal origin of the hASCs. Cells used in the experiments were in passages 2-5. All the experiments were conducted with non-pooled hASCs from 2-4 donors.
The plating density was 1,100 cells/cm 2 except in Western blot studies it was 11,100 cells/cm 2 . Control cells were grown in cell culture plastic (polystyrene). The medium composition in the experiments was otherwise the same as the maintenance medium described above except that the HS was treated with dextran coated charcoal (DCC; Sigma-Aldrich, St. Louis, MO, USA; according to the manufacturer's protocol) to strip hormones from the serum, to observe the BaG-induced signalling events better. No osteogenic medium supplements were used in order to detect the differentiation caused solely by the BaGs. FAK and MAPKs were inhibited during the culture using the following inhibitors: FAK 2 µM PF562271 (Selleckchem, Munich, Germany), MEK-ERK 60 µM PD98059 (Calbiochem, Merck Millipore, Billerica, MA, USA), p38 2 µM SB202190 (Calbiochem, Merck Millipore) and JNK 10 µM SP600125 (Selleckchem). The media were changed twice a week.
To distinguish the effects of BaG ions released from the discs on early osteogenic differentiation and signalling mechanisms, the discs were placed in cell culture inserts (ThinCert™ Cell Culture Inserts 24 well, Greiner Bio-One, Kremsmünster, Austria). This enabled the evaluation of ionic exposure on cells cultured on the bottom of the wells without a direct glass contact. The culture was conducted in maintenance medium supplemented with 5 % DCC-treated HS (Biowest, Nuaillé, France) and all the direct culture groups (S53P4, 1-06 and control polystyrene) were also included in the experiment as controls.
Cell Viability and proliferation
Cell viability on the different materials and in the presence of the inhibitors was analysed after 21 d of culture, by Live/Dead staining (Invitrogen, Thermo Fisher Scientific). In short, cells were treated with a working solution containing 0.25 µM EthD-1 (stains dead cells red) and 0.5 µM Calcein-AM (stains living cells green) for 20 min at room temperature. After the incubation, samples were imaged immediately using fluorescence microscopy (IX51, Olympus, Tokyo, Japan).
Cell proliferation was studied at the 21 d time point by determining the relative DNA amounts using CyQUANT Cell Proliferation Assay kit (Invitrogen, Thermo Fisher Scientific), according to the manufacturer's protocol. Cells were lysed with 0.1 % Triton-X 100 lysis buffer (Sigma-Aldrich), and after one freeze-thaw-cycle (−70 °C), three parallel 20 µL samples of each lysate were pipetted into a 96-well plate (Nunc) and mixed with 180 µL working solution containing CyQUANT GR dye and cell lysis buffer. The fluorescence at 480/520 nm was measured using a Victor 1420 Multilabel counter (Wallac, Turku, Finland).
Alkaline phosphatase activity
To analyse the early osteogenic differentiation, alkaline phosphatase (ALP) activity was determined quantitatively at 21 d, as previously described Tirkkonen et al., 2013) , using an ALP kit from Sigma. The ALP activities were analysed from the same cell lysates as the proliferation, and the results were normalised by dividing by the cell proliferation values. A relatively late time point for ALP activity was chosen, based on preliminary optimisations. It was important to study the osteogenic differentiation induced solely by the glasses. In the absence of any other osteogenic supplements, the differentiation requires a longer time. In the calculation of relative expressions, a published mathematical model was used (Pfaffl, 2001) . The sequences of the primers (Oligomer Oy, Helsinki, Finland) and the accession numbers of the genes are depicted in Table 2 .
Quantitative real-time PCR
Immunocytochemical staining
The amount and localisation of cell-attachmentrelated vinculin at 24 h and 7 d, as well as ECM proteins collagen-I and fibronectin at 21 d, were studied using published ICCs methods . 
SDS-PAGE and immunoblotting
The effect of the BaGs on the activation of FAK and MAPKs as well as the production of vinculin and integrinβ1 was analysed by SDS-PAGE and immunoblotting, as previously described . The target proteins were probed with the following primary antibodies: rabbit monoclonal anti-pFAK (Cell Signaling Technology, Danvers, MA, USA; dilution 1:1000), rabbit monoclonal antipERK (p-p44/42; Cell Signaling Technology; dilution 1:2000), rabbit monoclonal anti-p-p38 (Cell Signaling Technology; dilution 1:1000), rabbit polyclonal antip-c-Jun (Ser 63) (Cell Signaling Technology; dilution 1:1000), mouse monoclonal anti-integrinβ1 (Santa Cruz Biotechnology, Dallas, Texas, USA; dilution 1:500), vinculin ABfinity™ recombinant rabbit antibody (Life Technologies, Thermo Fisher Scientific; dilution 1:500) and mouse monoclonal anti-β-actin (Santa Cruz Biotechnology; dilution 1:2000), followed by horseradish peroxidase-conjugated secondary antibodies goat anti-mouse IgG (Santa Cruz Biotechnology; dilution 1:2000) and anti-rabbit IgG (Cell Signaling Technology; dilution 1:2000). Proteins were detected with enhanced chemiluminescence detection reagent (ECL; GE Healthcare) using a ChemiDoc MP imaging system (Bio-Rad, Hercules, CA, USA). To analyse the basal levels of nonphosphorylated proteins, the blots were stripped and blotted again by the following antibodies: rabbit anti-FAK (Cell Signaling Technology; dilution 1:1000), rabbit polyclonal anti-ERK2 (Santa Cruz Biotechnology; dilution 1:500), rabbit polyclonal anti-p38α (Santa Cruz Biotechnology; dilution 1:100) and rabbit monoclonal anti-c-Jun (Cell Signaling Technology; dilution 1:1000).
Analysis of the glass surfaces by scanning electron microscopy (SEM) and confocal white light microscopy (COM)
To study the changes in the BaG material surfaces and in the cell morphology on BaGs during the experimental period, the discs were characterised using SEM (Leo 1530, combined with energy dispersive X-ray analysis (EDXA, UltraDry, Thermo Fisher Scientific)). At each time point samples were washed once with PBS and fixed with 5 % glutaraldehyde (Sigma-Aldrich) for 1 h at room temperature. After fixation, samples were stored in deionised water at +4 °C and prior to imaging they were dehydrated by ascending concentrations of ethanol, followed by air drying. For the SEM analysis of the cross-sections, the discs were cast in epoxy resin, cut in half with a diamond blade and polished first using wet polishing papers (1,000 and 2,000 grit) and finally using a fine polishing paper (2,500 grit) with ethanol, which resulted in a smooth finish for the SEM imaging. The topography and surface roughness of the polystyrene control and the pre-incubated glass discs of both S53P4 and 1-06 were characterised with COM (Nanofocus µ Surf 3D).
Ionic release from the BaG discs
In order to determine the ionic release profile of the BaGs, medium samples were collected at the time of each medium change and the ion concentrations of Ca, P, K, Mg, B and Si in the culture medium were determined by inductively-coupled plasma optical 
RPLP0
forward AATCTCCAGGGGCACCATT 70 NM_001002 reverse CGCTGGCTCCCACTTTGT
RUNX2a
forward CTTCATTCGCCTCACAAACAAC 62 NM_001024630.3 reverse TCCTCCTGGAGAAAGTTTGCA Table 2 . The Sequences of the primers used in qRT-PCR. www.ecmjournal.org emission spectrometry (ICP-OES; Optima 5300 DV, Perkin Elmer, Waltham, MA, USA) as previously described .
Statistical analysis
Statistical analyses were performed with SPSS Statistics version 22 (IBM, Armonk, NY, USA). All the quantitative data is presented as mean and standard deviation. The statistical significances were evaluated using Kruskal-Wallis one-way analysis of variance by ranks, and with Mann-Whitney post hoc test combined with Bonferroni correction. These non-parametric tests were chosen because, due to the relatively small n, to assume the data to be normally distributed could not be justified.
The result was considered statistically significant when the adjusted p-value was < 0.05.
Results
Cell viability and proliferation
As seen in Fig. 1A , adherent cells remained viable on all the materials and in the presence of all the inhibitors throughout the whole culturing period. However, some morphological changes were observed. For example, the inhibition of FAK seemed to increase the size of the cells whereas the inhibition of p38 notably decreased the cell size. With respect to cell proliferation, of the four inhibitors only FAK 
M Ojansivu et al. Mechanisms of bioglass induced osteogenic fate
inhibitor significantly decreased the cell amount on both glass types (S53P4: p < 0.001; 1-06: p = 0.010) (Fig. 1B) . Still, there were a considerable number of cells even in the presence of FAK inhibitor. In the control condition on the other hand, in addition to FAK (p = 0.002), ERK and JNK inhibition also significantly decreased cell numbers (p = 0.006 and p = 0.027, respectively). Interestingly, in the absence of inhibitors, both glass types had an increasing effect on cell proliferation when compared to the polystyrene control (p < 0.001). Live/dead and CyQUANT analyses demonstrated that none of the culture conditions severely compromised the cell viability or proliferation, which enabled further studies with these materials and inhibitor concentrations. Osteogenic differentiation and ECM production of hASCs on BaGs As indicated in Fig. 2A , in direct culture both glass types significantly increased ALP activity at 21 d when compared to the control polystyrene (p < 0.001).
Furthermore, 1-06 induced a significantly higher ALP activity than S53P4 (p < 0.001). Both glass types also increased the expression of RUNX2a (Fig. 2B) and OSTERIX (Fig. 2C ) at 14 d and 21 d, confirming their ability to induce early osteogenic differentiation of hASCs. In gene expression level, however, there were no clear differences between the two glass types. With respect to ECM production, cells produced large amounts of fibronectin, independent of the culturing material (Fig. 2D) . The production of collagen-I, on the other hand, was clearly upregulated on both of the glasses when compared to the polystyrene control (Fig. 2E) . However, the localisation of collagen-I was clearly intracellular, presumably in Golgi apparatus and endoplasmic reticulum close to nuclei. This indicated a dramatically enhanced pre-collagen production in hASCs cultured on the glasses.
Fig. 3.
Cell attachment and actin cytoskeleton on BaGs. A,B. ICC of vinculin at 24 h and 7 d, respectively, in the presence or absence of FAK inhibitor PF562271 (2 µM). Actin cytoskeleton was stained red with phalloidin and nuclei blue with DAPI. Scale bars 10 µm. ctrl = control (polystyrene). C. Western blot analysis of integrinβ1 and vinculin at 7 d in the presence or absence of FAK inhibitor PF562271 (2 µM). β-actin served as a loading control.
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Cell attachment and actin cytoskeleton on BaGs
Immunocytochemistry of vinculin, a marker of mature focal adhesions (FA), revealed that at the 24 h time point no strong and clear FA sites were formed on either of the materials; instead, small adhesion sites were spread throughout the cells (Fig. 3A) . At 7 d, pronounced FAs were formed at the end of the actin fibres on control polystyrene material (Fig. 3B) . However, on both of the glasses, FAs were still small and covered most of the cell area. On the glasses, the inhibition of FAK did not seem to have a notable effect on either vinculin amount or arrangement. But, on control polystyrene at 7 d, it hindered the formation of large FA sites. The actin fibres of the cells grown on BaGs were not as stretched or aligned as the fibres of the control cells grown on polystyrene. Moreover, at some spots, the actin fibres on BaGs were even partially disorganised. The inhibition of FAK did not affect the appearance of the fibres on the glasses, but on control polystyrene it made the fibres even thicker than without the inhibitor. In addition to the immunocytochemistry, we also evaluated the production of FA proteins integrinβ1 and vinculin by Western blot analysis (Fig. 3C ). After 7 d of culture, the amount of both integrinβ1 and vinculin was clearly increased on both of the glasses. Interestingly, the inhibition of FAK did not seem to affect the production of these proteins.
The role of FAK in the BaG-induced early osteogenic differentiation of hASCs In order to evaluate the role of FAK in the BaGinduced early osteogenic differentiation, ALP activity and the expression of osteogenic marker genes in the presence of FAK inhibitor were analysed. As seen in Fig. 4A , the inhibition of FAK significantly decreased the normalised ALP activity on both glasses (p < 0.001). A similar trend was seen in the expression of RUNX2a and OSTERIX (Fig. 4B and  4C, respectively) . Regarding the activation of FAK, Fig. 4D shows that at 3 d no activation of FAK could be detected on either of the materials; but at 7 d FAK activation was upregulated by both glass types. Interestingly, also the basal levels of FAK were increased on the glasses at both time points.
The role of ERK1/2 in the BaG-induced early osteogenic differentiation of hASCs As with the inhibition of FAK, the inhibition of ERK1/2 significantly decreased the normalised ALP activity on both glasses (p < 0.001) (Fig. 5A ). The same effect was seen also in the expression of osteogenic marker genes RUNX2a and OSTERIX ( Fig. 5B and 5C, respectively). When it came to ERK1/2 activation, both glasses increased the activation of ERK1/2 after 3 d and 7 d of culture (Fig. 5D) . Unlike with FAK, the basal levels of ERK2 were not affected by the Mechanisms of bioglass induced osteogenic fate glasses. In the presence of FAK inhibition the activity of ERK1/2 was diminished on both glasses.
The role of p38 in the BaG-induced early osteogenic differentiation of hASCs Similar to FAK and ERK1/2, the inhibition of p38 significantly decreased the normalised ALP activity (S53P4: p = 0.024, 1-06: p = 0.035) (Fig. 6A ) but the extent of the decrease was much smaller than with FAK and ERK1/2 inhibitors. Furthermore, on RUNX2a and OSTERIX expression the inhibition of p38 seemed to have no effect at all (Fig. 6B and 6C , respectively). With respect to the activation of p38, no upregulation of p38 activity was observed at either of the time points studied (Fig. 6D) . On the contrary, 1-06 glass actually decreased the activation of p38 at 3 d and the activation was even more downregulated in the presence of FAK inhibitor.
The role of JNK in the BaG-induced early osteogenic differentiation of hASCs When it comes to JNK, the inhibition of JNK significantly decreased the normalised ALP activity on both glass types (S53P4: p = 0.007, 1-06: p < 0.001) (Fig. 7A ) and a similar decreasing effect was also seen in the expression of RUNX2a and OSTERIX ( Fig. 7B and 7C, respectively). Since the phosphorylation levels of JNK were extremely low in all the studied conditions and time points (data not shown), the activation of c-Jun, a downstream target of JNK (Pulverer et al., 1991) , was analysed in order to assess the effect of the BaGs on the JNK function. As seen in Fig. 7D , the activation of c-Jun was upregulated by both of the glasses at 3 d and 7 d time points. Unlike with ERK1/2 and p38, the inhibition of FAK had no clear effect on the c-Jun activation. Both glasses also increased the basal levels of c-Jun at all the time points studied.
Characterisation of the BaG surfaces
The cross-section SEM images of the BaG discs (Fig.  8A) showed clear reaction layer formation in S53P4 and 1-06 after immersion in the culture medium. Two distinct reaction layers were observed: a thin layer rich in calcium and phosphorous (CaP layer) formed on top of the SiO 2 layer in S53P4 at 7 d and 21 d, and in 1-06 at 21 d. Both glasses reacted progressively and the reaction layer thicknesses increased from 7 d to 21 d. When compared at a fixed time point, S53P4 was more reactive than 1-06, as evidenced by the reaction layer thickness. The submicron scale morphological features of both glasses at the 7 d time point are displayed in the SEM images of Fig. 8B . When compared to 1-06, the submicron scale structure of the S53P4 surface was more porous and coral-like, whereas 1-06 showed a more compact and granule-like appearance, which is also indicative of the higher reactivity of Mechanisms of bioglass induced osteogenic fate S53P4. In order to visualise the cells on the different surfaces, the cell-containing samples were imaged and displayed at lower magnifications with SEM at 7 d (Fig. 8C) . The cells adopted a less flat appearance on the glasses when compared to the polystyrene control, but they were still equally spread on all the surfaces. Notably, the cells attached on S53P4 glass were covered with a precipitate of CaP formed in the glass dissolution. Such a precipitate was not observed on the cells on 1-06 glass. Both S53P4 and 1-06 glass discs (after the pre-incubation) showed rougher topographical features than the polystyrene control, as indicated by the surface roughness values displayed in Fig. 8D . Fig. 9 shows the ion concentrations of Ca, P, K, Mg, B and Si in the culture medium at different time points for both S53P4 and 1-06 glasses, as well as for the control medium. The release of Si reached saturation during the pre-incubation of the glasses and the concentration of Si kept constant throughout the cell culture period for both S53P4 and 1-06. In control sample, no Si was detected. With respect to the dissolution of Ca and P, a more profound depletion of Ca and P concentrations was seen in the S53P4 samples than in the 1-06 samples. These elements were consumed in the CaP layer formation as evidenced with the heavy CaP precipitate on the hASCs on S53P4 glass (Fig. 8C ) and with the formation of a CaP layer visible in the cross-section images of S53P4 discs (Fig. 8A) . In 1-06 samples, the concentrations of K and Mg reached an approximately constant level of 300 and 50 mg/L after the 24 h pre-incubation (0 d), respectively. Boron was only detected in 1-06 samples and the concentration of this element was generally relatively low (< 2 mg/L). The effect of the released BaG ions on early osteogenic differentiation and signalling of hASCs Bioactive glasses are reactive materials, which release ions upon medium immersion, and these ions are known to affect cellular behaviour (Hoppe et al., 2011) . As analysed by the ICP-OES analysis, clear fluctuations in the ionic concentrations of the culture medium were also detected during the culturing period, which prompted an evaluation of whether these ions could be responsible for the observed changes in early osteogenic differentiation and cellular signalling induced by the BaGs. For this, BaG discs were placed into cell culture inserts and thus exposed cells to the glass ions without any direct glass contact. Based on these results, the ions alone could not stimulate the ALP activity (Fig. 10A ) or the expression of osteogenic markers RUNX2a and OSTERIX (Fig. 10B and 10C , respectively) when compared to the control sample. Moreover, no clear effects were observed on the signalling level either, as evidenced by the lack of increased integrinβ1 production and ERK1/2 activation in insert cultures (Fig. 10D) . Thus, the released BaG ions alone could not alter the osteogenic differentiation fate or the signalling status of hASCs.
Ionic release of the BaGs in the cell culture medium
Discussion
Bioactive glasses are widely studied biomaterials with a long history in biomedical research and clinical applications. However, despite the vast amount of research conducted with BaGs, very little knowledge exists relating to the molecular level effects of these materials on cells. A comprehensive understanding of the biological impact of the BaGs at the cellular level would significantly improve the design and use of BaGs in demanding TE applications. S53P4 has proved to be a relevant BaG type for clinical bone TE, and in combination with hASCs has brought highly encouraging results in the treatment of craniomaxillofacial bone defects (Sandor et al., 2014) . This fact prompted an examination of the biological signalling response of hASCs cultured on S53P4 and, as a comparison, on an experimental BaG 1-06. As expected, based on a previous study (Waselau et al., 2012) , S53P4 glass induced early osteogenic differentiation of hASCs as determined by ALP activity, RUNX2a and OSTERIX expression as well as collagen-I production. Interestingly, 1-06 induced a significantly higher ALP activity than S53P4, implying that this experimental glass is a more effective inducer of early osteogenic differentiation. Western blot analysis of integrinβ1, pERK1/2 and ERK2 in different growth conditions at 7 d. FAK inhibitor PF562271 (2 µM). β-actin served as a loading control. ctrl = control (polystyrene). i = insert (cells were cultured in the presence of BaG ions (glass discs in inserts) but not in direct contact with them).
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This might be explained by the structure of the material surface, which differed between the glasses due to differences in reactivity. S53P4 reacted more rapidly than 1-06 in the cell culture medium, which resulted in thicker reaction layers and a thick CaP precipitate overlying the cells on S53P4 glass after 7 d of culture. The precipitate covering the cells might have a negative effect on their differentiation. Cells adhere to the growth substrate by means of FAs, which, upon maturation, are characterised by the presence of vinculin (Burridge and ChrzanowskaWodnicka, 1996) . Surfaces that induce the formation of prominent FAs support osteogenic differentiation of stem and progenitor cells, whereas small and evenly spread FAs are linked to a decrease in osteogenic and an increase in adipogenic commitment (Abagnale et al., 2015; Biggs et al., 2009; Kilian et al., 2010) . In contrast to these studies, conducted with various surface topographies and micropatterns created in polystyrene and polyimide, the results presented here indicated that the mature FAs of hASCs on S53P4 and 1-06 were small and evenly dispersed despite the evident osteogenic potential of both BaG types. It is therefore likely that the size and distribution of the FAs, as such, did not exclusively dictate cell fate. Furthermore, the amount of both integrinβ1 and vinculin increased on the glasses, suggesting that even though the FAs were small, the vast number of them might make the attachment considerably stronger. BaG surface is a continuously changing platform for the cells, due to the degradation properties of the BaGs. This unstable surface might stress cells to produce enhanced levels of cell attachment proteins and structures inside the cell, to stabilise the living conditions. Moreover, BaG reactivity was also related to the surface roughness, which was clearly greater on the BaGs when compared to the polystyrene. Utilising a platinum surface, the surface roughness is also linked to a decrease in FA size in fibroblasts (Pennisi et al., 2011) , suggesting that the roughness of the BaGs might be also one underlying factor explaining the small FAs on the glasses.
The FAs are tightly connected to the underlying actin cytoskeleton, which changes dynamically in response to FA-mediated forces and thus regulates cell behaviour (Di Cio and Gautrot, 2015) . During osteogenic differentiation, actin cytoskeleton typically turns from organised parallel actin fibres to a robust network of reorganised stress fibres with a more random patterning (Rodriguez et al., 2004; Yourek et al., 2007) . In line with the observed osteogenic differentiation, a reorganised actin network was observed on both of the glasses whereas on control polystyrene the actin cytoskeleton was still more organised. At some spots, the actin fibres on BaGs seemed even slightly disorganised; but this might be due to the rapid cytoskeletal changes associated with osteogenic differentiation. Rodriguez and co-workers show that actin integrity is important at the initial steps of differentiation, but later on rapid changes occur in actin monomer/polymer equilibrium enabling the cytoskeletal reorganisation (Rodriguez et al., 2004) . Sen and co-workers also suggest that disruption of the actin cytoskeleton with cytochalasin D is linked to an increased osteogenic differentiation of mice MSCs (Sen et al., 2015; Sen et al., 2017) , thus supporting our observation of slightly disorganised actin cytoskeleton on osteoinductive BaGs. It is possible that the reactivity of the glass surfaces was transmitted to the cytoskeletal organisation via the atypical FA sites and therefore partly explained the actin arrangement.
FAK mediates messages from the cell attachment site to the interior of the cell, thus affecting cell behavior in response to cell attachment (Chatzizacharias et al., 2008; Schlaepfer et al., 1999) . It was observed that FAK was activated on both of the glasses and the inhibition of FAK significantly decreased the BaG-induced early osteogenic differentiation. These observations were well in line with the previous studies highlighting the crucial role of FAK in cell attachment related osteogenic differentiation on other types of biomaterial surfaces (Salasznyk et al., 2007a; Salasznyk et al., 2007b; Shih et al., 2011; Takeuchi et al., 1997; Viale-Bouroncle et al., 2014a; Viale-Bouroncle et al., 2014b) . It seems plausible that the abundance of the FA sites on the glasses was reflected in the enhanced attachment-mediated signalling including FAK activation.
Although generally considered to be activated mainly by mitogenic stimuli (Rubinfeld and Seger, 2005) , ERK1/2 is also known to be strongly related to osteogenic differentiation (Greenblatt et al., 2013) . Similar to FAK, it was observed that both BaGs stimulated the activation of ERK1/2 and, upon ERK1/2 inhibition, the BaG-induced early osteogenic differentiation was greatly diminished. As expected, based on previous studies (Salasznyk et al., 2007a; Salasznyk et al., 2007b; Shih et al., 2011; Takeuchi et al., 1997; Viale-Bouroncle et al., 2014a; Viale-Bouroncle et al., 2014b) , the inhibition of FAK negatively affected the ERK1/2 activation on BaGs, suggesting that ERK1/2 acted downstream of FAK also in the BaG-induced osteogenic differentiation. However, the inhibition of FAK could not totally abolish the activation of ERK1/2 implying that there are also attachment-independent stimuli acting via ERK1/2, as expected from the well-established role of ERK1/2 in mitogen signalling.
p38 and JNK are typically thought to be activated mainly by cytokines and various environmental stresses but there is also evidence that they play a role as regulators of osteogenic differentiation (Chiu et al., 2014; Gu et al., 2015; Ivaska et al., 1999; Suzuki et al., 2002; Tominaga et al., 2005) . The activation of JNK downstream target c-Jun was observed in response to both BaGs. Furthermore, the early osteogenic differentiation of hASCs on BaGs was significantly decreased after treatment with JNK inhibitor, implying to a significant role for JNK in the BaG-induced osteogenesis. However, the levels of p-c-Jun were not clearly affected by the www.ecmjournal.org FAK inhibition, suggesting that JNK activation is stimulated by mechanisms not related to the FAK activation. With respect to p38, no BaG-induced activation was observed and even though the ALP was significantly decreased upon p38 inhibition, the magnitude of the decrease was lower than with the other inhibitors. Furthermore, in RUNX2a and OSTERIX gene expression levels, no changes were detected in response to p38 inhibition. Although several studies suggest an important role for p38 in both cell attachment and chemical stimuli induced osteogenesis (Ivaska et al., 1999; Suzuki et al., 2002; Tominaga et al., 2005) , there are also studies, which do not demonstrate any role for p38 in the osteogenic differentiation of mesenchymal stem cells (Fu et al., 2008; Kilian et al., 2010) . Thus, the role of p38 in the BaG-induced osteogenic differentiation might not simply be as significant as that of FAK, ERK1/2 and JNK.
Upon immersion into medium, BaGs release a cocktail of ions that are known to stimulate osteogenic differentiation of progenitor cells even without any added osteogenic supplements (Gong et al., 2014; Jell et al., 2008; Tsigkou et al., 2009) . Since elevated levels of several ions were observed during the culturing period, it was relevant to ask whether the observed cellular changes could be caused by the glass ions instead of the attachment-related mechanisms. To shed light on this a cell culture insert-based experimental setup was built up, which enabled cell exposure to the ions released from BaG discs without a direct cell-biomaterial contact. Using this setup both the early osteogenic differentiation and cell signalling events were evaluated. However, no ion-induced alterations were observed in either early osteogenic differentiation or cell signalling. This was well in line with our previous study indicating that, in the absence of cell-biomaterial contact, BaG ions can only stimulate osteogenesis when combined with the osteogenesis-inducing chemical supplements (β-glycerophosphate, L-ascorbic acid and dexamethasone) . Thus, the BaG-induced early osteogenic differentiation and signalling changes observed were clearly related to the cell attachment on BaG surface or, alternatively, to a combined effect of the glass surface and released ions, but could not be explained solely by the glass dissolution products.
Thus far, despite the vast number of in vitro, in vivo and clinical studies conducted with various types of BaGs, there is very little evidence of any effort being made to elucidate the molecular level mechanisms behind the BaG-induced cellular responses. Due to the lack of understanding of this crucial area, we were determined to shed light on the cell attachment and signalling on two silicate-BaGs, a clinically available S53P4 and an experimental glass composition 1-06. It was shown for the first time, that BaGs had a very profound effect on cell attachment mechanisms and the signalling cascades downstream of the attachment sites. As hypothesised, FAK and MAPKs seemed to have crucial roles in the BaG-induced early osteogenic commitment of hASCs. In general, a thorough understanding of the molecular level cell mechanisms in response to various biomaterials used in TE would improve the safety of the clinical treatments (e.g. detection of cancer-related signalling activation) and greatly facilitate a more systematic design approach of novel functional biomaterials and TE constructs. As an example, knowledge of the essential signalling cascades regulating the differentiation fate could eventually lead to a greatly enhanced differentiation induction by using appropriate inhibitor and activator molecules of these cascades. This study gave some important insights to the mechanisms of BaG-induced osteogenic commitment and thus set the basis for further characterisation of these complex signalling networks responsible for the biomaterialinduced cell behaviour and, ultimately, for the success of the TE-based clinical treatments. Thorough understanding of the BaG biological impact is highly important since it will greatly facilitate the design of novel BaG compositions and structures to meet the increasing demand for effective bone TE treatments.
Conclusions
The osteogenic differentiation of hASCs was stimulated in direct culture by both S53P4 and 1-06 BaGs, of which the less reactive 1-06 was the stronger inducer. With respect to the cell attachment, the production of integrinβ1 and vinculin was upregulated on both glasses, implying stronger attachment mechanisms of the cells to BaGs when compared to polystyrene control. The FAs on BaGs, however, were exceptionally small and spread throughout the cells, possibly related to the glass surface roughness and reactivity. FAK, ERK1/2 and JNK turned out to be essential molecules in the BaGinduced early osteogenic differentiation, whereas the role of p38 was less significant. Ions released from the BaG discs could not reproduce the observed cellular changes, which highlighted the role of the cell attachment in cell-BaG interaction. This was the first study analysing the molecular responses of cells on BaGs S53P4 and 1-06 and thus gave a valuable insight into the mechanism of BaG-induced early osteogenic differentiation. Such knowledge should aid the future design of new functional biomaterials for bone TE.
Discussion with Reviewers
Olivier Guillaume: From the authors' point of view, would they obtain similar conclusions using other sources of MSCs than adipose-derived cells? Authors: This is definitely an interesting point. Even though there are established criteria, which all the MSCs should fulfill (independent of the source) (Dominici et al., 2006) , MSCs from different sources have a certain amount of variation with respect to surface marker expression, differentiation potential as well as immunomodulatory properties (Murray et al., 2014) . Therefore, it is possible that there would be slight differences in the results, if the experiments were conducted with MSCs from some other sources. However, when compared to the bonemarrow derived mesenchymal stem cells (BMSCs), the published results regarding the differentiation potential are highly contradictory (Strioga et al., 2012) . Presumably, the differences between ASCs and BMSCs are more reflective of the heterogeneity of the MSC populations and the donor-to-donor variation than any fundamental differences between the cell types. In any case, this is a topic, which would be very interesting to unravel in the upcoming studies.
Olivier Guillaume: Regarding the cell proliferation presented Fig 1B. do the authors have information regarding the diminution observed 21 d, for some of the inhibitor groups? Is it due to (1) a decrease of cell adhesion at day 1 (but then the kinetic of cell proliferation is the same as for the other groups), or (2) due to an influence of the compounds of the cell multiplication behaviour (slowing down its proliferation)? Authors: Thank you for this interesting question. In the case of the glasses, of the different inhibitions only FAK inhibition significantly decreased the cell proliferation. FAK is an important regulator of cell attachment , which might imply that the decrease in cell proliferation could be at least partially due to the weakened cell attachment. However, even in the presence of the FAK inhibitor the cells were able to spread and the cells were not rounded -which is the typical appearance of poorly attached cells. Thus, the decrease in the proliferation might not be only due to the poor attachment. Unlike on the glasses, in the polystyrene control ERK and JNK inhibitors also significantly decreased the cell proliferation. ERK has a well-known role as a mitogenic factor (Roux and Blenis, 2004) , so the attenuation of proliferation in the presence of ERK inhibitor is likely to be explained mainly by the option 2. All in all, these mechanisms are highly complex and, based on the current data, it is impossible to further specify the exact molecular events behind the attenuated proliferation.
Olivier Guillaume: Why is there a difference in term of rugosity/surface roughness between the SEM pictures presented Fig 8B and the optical microscopy illustrations shown Fig 8D? Authors: Thank you for pointing out this detail. First of all, the glass discs shown in Fig 8B were imaged after an incubation of 7 d in culture medium, and by then the glass dissolution has resulted in the formation of silica-rich layer as well as precipitation of hydroxyapatite on the glass surface as seen in Fig 8A (7 d) . The surface roughness presented in Fig 8B on a sub-micron scale mainly indicates the morphological difference between the reacted surface of S53P4 and 1-06 after 7 d incubation. On the other hand, the surface roughness presented in www.ecmjournal.org Fig 8D was imaged by confocal optical microscopy (160 µm × 160 µm area) after the pre-incubation for 24 h in cell culture medium (the starting point of the cell culture). In these images, the surface roughness mainly originated from the surface polish of the glass discs. Fig 8D aims to provide a comparison of the surface roughness of the glass discs versus the cell culture plastic at the beginning of the cell culture. It thus demonstrates the surface roughness that cells experience when they first associate with the glasses.
Olivier Guillaume: How would the authors envision implementing their results presented here, in order to develop better functional materials for bone regeneration (as brought briefly into the conclusion, related to the cell attachment mechanism study)? Authors: In general, a thorough understanding of the molecular level cell mechanisms in response to various biomaterials used in TE would improve the safety of clinical treatments (e.g. detection of cancer-related signalling activation) and greatly facilitate a more systematic design approach of novel functional biomaterials and TE constructs. As an example, knowledge of the essential signalling cascades regulating the differentiation fate could eventually lead to a greatly enhanced differentiation induction by using appropriate inhibitor and activator molecules of these cascades. Moreover, correlation of favourable cell responses to specific material features (e.g. surface roughness, ion release) would provide effective means to tailor biomaterials to the desired direction. The present study gave some important insights to the mechanisms of BaGinduced osteogenic commitment and thus set the basis for further characterisation of these complex signalling networks responsible for the BaG-induced favourable cell responses. Such knowledge will ultimately have great potential to support the design and development of better TE-based approaches for the increasing clinical need.
Lia Rimondini: Can you discuss the high variability values observed in some of your experiments? Authors: Mesenchymal stem cells are known to have relatively large donor-to-donor variation, which will be reflected to all the results obtained with several different MSC donors, as was the case in the present study. Still, despite the relatively large standard deviations in some of our quantitative data, the hASCs from all the donors followed a similar trend in their behaviour, suggesting that the reported results are representative of hASCs in general and not only a restricted set of donor cells. In general, when working with mesenchymal stem cells of any origin, it is highly important to conduct the analyses with cells from several donors to take into account the donorto-donor variation. This typically leads to higher variability in the quantitative data when compared to results obtained with established cell lines, which tend to behave with more uniform fashion.
Lia Rimondini: Do you think it may be useful to confirm your results using different BaGs presenting a reactivity gradient? Authors: This is something, which would be definitely important to do and is the logical next step in the evaluation of the molecular level cell responses to bioactive glasses. Bioactive glass induced cell signalling response is a topic with virtually no previous knowledge and this study was ground breaking in shedding light on this important topic, by analysing hASC attachment and signalling with two slightly different silicate bioactive glasses. However, to be able to fully exploit the molecular level cell data in the development of functional glass-based tissue engineering approaches, it will be important to study these aspects also with different types of glasses. By utilising a set of glasses with a gradient in reactivity or some other feature, it might ultimately be possible to establish an in-depth correlation between the glass properties and cell responses, which would further aid the design of better glasses for regenerative medicine.
